Summary -A quantitative literature review was undertaken on the amino acid fluxes in ruminants and the factors which influence them. Two aspects were considered: blood flow and amino acid uptake by tissues. The statistical relationships indicated that blood flow was influenced by feed intake, metabolizable energy and milk production. The rates of amino acid uptake and release by tissues and organs varied greatly between compartments and between amino acids. The net rates of appearance were the result of a combination of inter-and intratissue phenomena. Simulated balances between supply and requirements revealed the limiting role of certain amino acids, depending on milk production level and growth rate. In conclusion, this approach underlined the technical difficulties involved in obtaining this type of data, and also revealed a lack of data in certains areas. Nevertheless, the observations in this review supported the implementation of the feed units used at the present time, notably for the addition of amino acids. 
Summary -A quantitative literature review was undertaken on the amino acid fluxes in ruminants and the factors which influence them. Two aspects were considered: blood flow and amino acid uptake by tissues. The statistical relationships indicated that blood flow was influenced by feed intake, metabolizable energy and milk production. The rates of amino acid uptake and release by tissues and organs varied greatly between compartments and between amino acids. The net rates of appearance were the result of a combination of inter-and intratissue phenomena. Simulated balances between supply and requirements revealed the limiting role of certain amino acids, depending on milk production level and growth rate. In conclusion, this approach underlined the technical difficulties involved in obtaining this type of data, and also revealed a lack of data in certains areas. Nevertheless, the observations in this review supported the implementation of the feed units used at the present time, notably for the addition of amino acids. (Verite and Peyraud, 1989; Hvelplund and Madsen, 1990; Tamminga et al, 1994) . In these systems, the efficiency of absorbed amino acids for milk protein synthesis is assumed to be constant for a given type of animal although Verite and Peyraud (1989) have provided evidence for a non-linear relationship between PDI (true digestible protein in the intestine) supply and milk production in dairy cows. Recently, the problem of protein nutrition in lactating ruminants was complicated by the discovery of the limiting role of some amino acids, namely methionine and lysine (eg, Rulquin, 1987) . To take this into account, Rulquin et al (1993) have designed a new version of the PDI system, integrating the curvilinear response of milk protein content and production to the supplies of these two amino acids. Despite this progress, large areas of uncertainty remain concerning the metabolic aspects of amino acid utilization: their use in relation to energy metabolism and the interactions between amino acids. These aspects could for example result in several amino acids becoming limiting from a dynamic point of view: they are in the body but not available for the tissue in question (Meijer et al, 1995) .
To overcome this lack of knowledge, it appeared necessary to integrate the literature data and use modelling to analyse the knowledge of the major underlying quantitative aspects of amino acid metabolism, particularly at the level of key organs. Mechanistic models for the lactating cow have already been created (Baldwin et al, 1987; Danfaer, 1990 
TISSUE BLOOD FLOWS
As mentioned earlier, the goal of this review was to obtain the most accurate prediction possible of blood flows through the major organs from animal production parameters.
Blood flow through the splanchnic tissues Observations were taken from 28 publications concerning growing steers, heifers or cows to build a file of 120 observations (Baird et al, 1975; Casse et al, 1994; Early et al, 1987; Eisemann and Huntington, 1994; Eisemann and Nienaber, 1990; Gross et al, 1988; Guerino et al, 1991; Hammond et al, 1987; Harmon et al, 1988 Harmon et al, , 1993 Huntington, 1982 Huntington, , 1984 Huntington, , 1987 Huntington and Prior, 1983; Huntington et al, 1983 Huntington et al, , 1990 Krehbiel et al, 1992; Kreikemeier et al, 1991; Lomax and Baird, 1983; McGuire et al, 1989; Prior ual (1986) . Interestingly, these flows could also be fitted with S-shaped curves (Moore, 1985 (Sauvant, 1994) , the level of energy intake which increased hepatic and portal blood flows. The best predictor might be MEI (Reynolds et al, 1994a (Isserty and Ortigues, 1994 Boisclair et al (1993b) .
A set of 111 observations was collected from 23 publications concerning young ruminants (Brown et al, 1991;  Crompton and Lomax, 1993; Oddy et al, 1987) , sheep (Brid et ai, 1981; Early et al, 1988; Heitmann et al, 1986; Oddy et al, 1981; Pethick and Verneau, 1984; Pethick et al, 1981 Pethick et al, , 1987 Symonds et al, 1988; Symonds and Lomax, 1990 ; ) and growing cattle (Bell et al, 1975; Boisclair et al, 1993a Boisclair et al, , 1994 Early et al, 1987; Eisemann et al, 1987 Eisemann et al, , 1988 Eisemann and Nienaber, 1990; Eisemann and Huntington, 1994; Huntington and Prior, 1985 (Bell et al, 1975) , although the length of the fasting period was short in the experiment of Bell et al (1975) . Furthermore, RMuBF slightly decreased with progressive underfeeding in young lambs (Crompton and Lomax, 1993) but not in fasted lambs (Oddy et al, 1987; Symonds and Lomax, 1990; (Eisemann et al, 1988; Brown et al, 1991) while bovine somatotropin had no effect (Boisclair et al, 1994) . Supplies of insulin parenterally (AMuBF: Huntington and Prior, 1985) (Bird et al, 1981) and RMuBF (Pethick et al, 1987) (Rasmussen, 1965) A data set of 11 publications on cows Bickerstaffe et al, 1974; Cant et al, 1993; Davis et al, 1988; Guinard et al, 1994; Hartmann and Kronfeld, 1973; Kensinger et al, 1983; Kronfeld et al, 1968; Lough et al, 1990; Metcalf et al, 1991; Peeters et al, 1979) The average ratio was 578 L of blood flow per litre of milk produced, but the range was large: from 300 for high producing cows to 1 000 for low producing cows. The same trend was found in goats by Linzell (1974 
Comparison between different tissues
The main purpose of this section is to compare blood flow values irrigating different tissues. For this purpose, the above empirical relationships examining blood flow to each organ were used. A simple simulation was carried out for a 600 kg liveweight cow, producing 0-50 L of milk per day and eating 0.27 x (milk production level) + 0.01 x (BW -600) + 11 kg dry matter (INRA, 1988 Ohara and Ariyoshi (1979) or Bernard and Remond (1995) (Reynolds et al, 1994a) . This is aggravated by analytical problems in preserving only the peptides available for tissues in the analysed samples (Backwell, 1994) . Additional work is needed on portal-drained viscera to determine the factors regulating amino acid metabolization and transport through the viscera and in the blood. Due to the high protein turnover rate in the portal drained viscera, the high blood flow draining these tissues and the lack of knowledge concerning blood amino acid transport, a reliable quantification will be technically diffcult to achieve.
Amino acid metabolization by the liver Liver metabolism is highly active. It accounts for 25% of the whole body 0 2 -uptake while the liver itself represents only 1.5% of total body mass in lactating cows (Huntington, 1990 (Teleni, 1993) . It therefore appears necessary to study the net amino acid release by muscle tissues in order to predict the quantity available for other organs. A set of 49 observations were collected from 12 publications with data concerning amino acids analysed in plasma (Ahmed et al, 1983; Bell et al, 1975; Brown et al, 1991;  Huntington and Prior, 1985) , in whole blood (Ballard et al, 1976 . Boisclair et al, 1993a Boisclair et al, , 1994 (Danilson et al, 1987a (Danilson et al, , 1987b (Armentano, 1994 ). An additional problem may arise from the variations in the packed cell volume between tissues and between experiments. (1994) . Nevertheless, the regulation of the amino acid uptake ratio remains unclear (Hanigan et al, 1992) . Usually, the analysis of amino acids in the plasma is used to monitor the mammary gland amino acid uptake even though it does not seem sufficiently accurate (Guinard and Rulquin, 1994) . Red blood cells (Hanigan et al, 1991) and peptides (Backwell, 1994; Bequette et al, 1994 ) also deliver amino acids to the mammary gland for milk protein synthesis and mammary gland tissue maintenance and growth.
The influence of the supplied amino acid profile and the hormonal state have been studied by several authors. A set of 86 observations from 26 publications on plasma free amino acid extractions in lactating cows were collected (Ahrar and Schingoethe, 1979; Austin et al, 1991; Bickerstaffe et al, 1974; Block et al, 1981; Cant et al, 1993; Casper and Schingoethe, 1988; Casper et al, 1987 Casper et al, , 1990 Clark et al, 1974; Clark, 1975; Derrig et al, 1974; Drackley and Schingoethe, 1986; Erickson et al, 1992; Guinard and Rulquin, 1994; Hadsell and Sommerfeldt, 1988; Huber et al, 1984; Ilig et al, 1987; Kellaway et al, 1974; King et al, 1990; Klusmeyer et al, 1987; Laarveld et al, 1981; Lanham et al, 1992; Munneke et al, 1991; Peeters et al, 1979; Seymour et al, 1990; Yang et al, 1986) . The information collected was the raw milk production level (MPL, L/day), milk protein content (PC, g/L), number of weeks post partum (SL, week), extraction ratio (%), and the amino acid concentration in the mammary artery. (Saporta, 1990) (Lescoat and Sauvant, 1994) . Nevertheless, models with an extraction dependent on the level of milk production and with lower and upper limits might be more physiological, even if our data did not allow discrimination in favour of such a model. A similar upper limit for the amino acid extraction ratio has been observed in goats with artificial hyperaminoacidemia, which induced a decrease in these ratios (Tesseraud et al, 1992) . It Correlations between essential amino acid extraction ratios appeared in the first plan of the principal component analysis (fig  11a) . This was less obvious in the second plan (fig 11 b) (Baumrucker, 1985; Knight et al, 1994) .
According to Cant et al (1993) , sources other than plasma free essential amino acids are necessary to produce all the protein found in milk. Pocius et al (1981) (Sauvant, 1994) .
This section was based only on results from plasma amino acid analysis. It must be kept in mind, however, that blood peptides and red blood cell amino acids are also to some extent available for tissue and organ amino acid requirements (Backwell, 1994) . It would be interesting to reconsider the amino acid transport between organs and tissues taking into account these two compartments.
This could contribute to a further elucidation of the rules governing the amino acid partitioning between different tissues.
SIMULATIONS
Each of the above sections was a quantitative approach examining one factor related to amino acid metabolism: first of all, blood flows, which carry the amino acids between the organs and inside tissues, and secondly, net amino acid release or uptake by different compartments. A one-factor study was performed in each section. However, a summary of whole body amino acid fluxes with an integrated approach was required. Consequently, a static and empirical model of amino acid fluxes in the whole body of large ruminants was developed. Its aim was to calculate the adequacy of the amino acid supply in relation to the amino acid requirements from the equations obtained in the two previous sections.
Five amino acid blood compartments were considered: the mammary gland (1), ), portal drained viscera (2), liver (3), muscle (4) and the whole circulating blood (5). The blood was distributed between the compartments according to the blood flow equations from the first section. By multiplying these fluxes by the amino acid concentrations in the arterial and portal blood and their uptakes or releases reported in table VI, the balance between supply and demand could be calculated. By using 24 h blood flow, the results were obtained on a daily basis. A diagram of the proposed model is presented in figure 12 . (eg, Backwell, 1994) (Backwell, 1994 Regulations of the transport and partition of amino acids
The study of inter-organ amino acid exchanges could help to define the operating subsystem of amino acid metabolism (Sauvant, 1994 Danfa?r (1979) .
